Purpose: Bladder cancer (BC) is the most common urinary cancer among men with a high rate of deaths despite the improved medical technology and treatment. Recent evidence demonstrated that Mex-3 RNA-Binding Family Member C (MEX3C) plays various roles in different biological activities, but its molecular mechanisms underlying the pathogenesis of BC remain unclear yet. The aim of this research was to explore the expression patterns of MEX3C and its biological functions in human BC. Materials and methods: The Cancer Genome Atlas (TCGA) and Oncomine databases were jointly used to analyze the expression of MEX3C in BC and its correlation with the clinicopathological features, while real-time PCR and immunohistochemistry analysis were used to verify the predicted results. Wound-healing assay, Matrigel invasion assay, BODIPY staining and Western blot analysis were used in a cell model to assess the effect of MEX3C on the lipid metabolism, invasion and migration of BC and its mechanisms. Results: MEX3C was highly expressed in BC tissues and cells compared with their normal counterparts, and its expression was positively correlated with the clinicopathological features, especially the invasiveness phenotype. Overexpression of MEX3C accumulated lipid droplets and promoted cell adhesion, invasion and migration. We further demonstrated that MEX3C regulated lipid metabolism and promoted tumor development and progression through activation of JNK signaling and upregulating the JNK downstream protein levels of sterol regulatory element-binding proteins-1, fatty acid synthase and acetyl-CoA carboxylase-1. Conclusion: Here we identified MEX3C as a new oncogene to promote bladder tumorigenesis by regulating lipid metabolism through Mitogen-activated protein kinase/c-Jun N-terminal kinase (MAPK/JNK) pathway. These findings suggest a new role of MEX3C in promoting BC tumorigenesis and provide a novel biomarker or molecular target for diagnosis or treating BC.
Introduction
Bladder cancer (BC) is one of the top-ten frequently occurring malignant cancers and the 9th most common cause of death in the world. 1 About 80,000 BC patients were diagnosed in the United States with a second incidence rate ranked behind only prostate cancer in 2017. 2 Approximately 75% of BC are nonmuscle invasive at initial diagnosis, 14-45% of which will progress to invasive BC after primary surgery. 3 The exact molecular mechanism of metastasis and invasion is still largely unknown, although it is the main cause of death or unfavorable treatment for BC patients. MEX3C (Mex-3 RNA-Binding Family Member C, also known as RKHD2) encodes a protein with two K homology (KH) RNA-binding domains and a C-terminal RING-finger domain and plays various roles in different biological activities, including immune responses, 4 RNA molecule transferring, 5 translational repression, 6 cancer chromosomal instability, 7 energy balance and adiposity, 8, 9 and postnatal growth. 10 Our previous study found that miR-451 acted as a tumor suppressor in BC and inhibit its metastasis and proliferation by regulating EMT, 11 and bioinformatics analysis in our preliminary experiment showed that MEX3C was a critical target gene of miR-451.Therefore, it is imperative to explore the expression patterns of MEX3C and its biological functions in human BC.
In this study, we found an increased expression of MEX3C in BC tissues and cells and positive correlations between its expression and BC clinicopathological features. Overexpression of MEX3C accumulated lipid droplets and promoted cell intercellular adhesion, invasion, and migration. We further identified that the overexpression of MEX3C was associated with activated JNK signaling through upregulating the downstream protein levels of sterol regulatory element-binding protein-1 (SREBP1), fatty acid synthase (FASN), and acetyl-CoA carboxylase-1 (ACC1).
Materials and methods

Bioinformatics analysis identified the role of MEX3C in BC
To investigate MEX3C's role in BC, we analyzed MEX3C gene expression in two large datasets from The Cancer Genome Atlas (TCGA) and Oncomine databases (https://www.oncomine.org/). Mining MEX3C gene chip database was used to analyze the expression of MEX3C in BC tissues and its relationship with the type of BC and the prognosis of patients by Oncomine database. Gene set enrichment analysis (GSEA) was applied to determine sets of genes from signaling pathways that showed statistically significant differences between higher and lower MEX3C expression groups.
Tissue specimens and cell lines
Human BC samples (60 cases) with the matched normal tissues (10 cases) as controls were obtained from patients who underwent radical cystectomy at the Jiangxi Provincial People's Hospital Affiliated to Nanchang University from January 2012 to December 2016. This study and the written informed consents obtained from all patients were approved by the Ethics Committee and the Institutional Review Board of the Jiangxi Provincial People's Hospital and conducted in compliance with the Declaration of Helsinki. The histopathology of tissue samples was determined and confirmed by two pathologists according to the criteria of the WHO and the Nevin stage system. Human BC cell lines T24, HT1376, TCCSUP, and immortalized human bladder cell SV-HUC-1 were purchased from China Academia Sinica Cell Repository (Shanghai, China), T24 was cultured in RPMI 1640 supplemented with 10% FBS(GIBCO, USA), while HT1376 and TCCSUP were cultured in DMEM (GIBCO, Grand Island, NE, USA), and SV-HUC-1 was cultured in F12K (GIBCO, USA) and all were incubated in incubator at 37°C with a 5% CO 2 atmosphere. T24 was treated with 10 μM SP600125 (Selleck Chemicals, Houston, TX, USA) for 1 hr to inhibit the JNK pathway.
RNA extraction and quantitative real-time PCR (qrt-PCR) analysis
Total RNA was isolated from cells of different groups using Trizol Reagents (Invitrogen, Carlsbad, CA, USA). The RNA were used as templates for the synthesis of cDNA using PrimeScripts®RT (Takara Biotech, Dalian, China). A 20 μL volume that contained 1 μL cDNA, 0.5 μM forward and reverse primers, and SYBR Green PCR Master Mix (Takara Biotech, Dalian, China) were subjected to PCR reaction using a Real-time PCR instrument BioRad CFX96 (BioRad, USA). Primer pairs were 5ʹATGAGGTTATTGCTGCCCTAG3' (forward) and 5ʹGTGAATTTGGATTGCCTGAGTA'3' (reverse) for MEX3C, and 5ʹTGACTTCAACAGCGACACCCA3' (forward) and 5ʹCACCCTGTTGCTGTAGCCAAA3' (reverse) for GAPDH. The amplification cycle was set as below: 2 mins at 50°C; 10 mins at 95°C; 40 cycles of 15 s at 95°C and 60 s at 60°C. Compared with control, the fold changes of mRNA levels were calculated via the ΔΔ Ct method. GAPDH was used as an internal reference for normalization.
Immunohistochemistry (IHC) analysis
IHC staining was used following the standard protocols. Paraffin-embedded tissue specimens were cut into 4-μm sections and deparaffinized. slides were incubated with anti-MEX3C (ab79041, Abcam, USA, 1:100 dilutions), FASN antibody (ab22759, Abcam, MA, USA, 1:100 dilutions), ACC1 antibody (21923-1-AP, Proteintech, Wu Han, China, 1:100) and SREBF1 (SERBP1) antibody (14088-1-AP, Proteintech, China, 1:100) overnight at 4°C
, then incubated with a biotin-labeled secondary antibody (1:100 dilutions) for 40 mins at 37°C. Sections were incubated with 3,3′-diaminobenzidine (DAB), counterstained with hematoxylin, and visualized using light microscopy. Positive and negative controls were performed for each run of IHC. The staining signals were recorded by Olympus light, Tokyo, Japan microscope, and the staining index was measured and calculated by Olympus FV10-ASW software.
Plasmids and lentiviral infection
In order to increase the expression of MEX3C gene, target cells were cultured with a good growth status, andT24 cells with stable expression of MEX3C were established by infection with a lentivirus carrying a MEX3C cDNA-encoding expression vector or an empty vector (GV492, Shanghai Genechem) according to the manufacturer's instructions. Lentivirus was packaged into T24 cells using virus titers and promoter as soon as cell density reached 30%. The lentivirus carried a copy of GFP and infection efficiency was assessed based on the numbers of Green Fluorescent Protein (GFP)-expressing cells using fluorescence microscopy.
Wound-healing assay
T24 cells were grown as monolayers in triplicates in 6-well plates until 80% confluence. Cell wound was generated by an artificial scratch after culturing in RPMI 1640 without FBS for 12 hrs, and then the cells were washed thrice with PBS to remove the suspended cells and cultured sequentially without FBS for avoiding the influence of cell proliferation. Cell migration was photographed at 0, 8, 24 hrs after scratching, and the width of the wound was measured.
Matrigel invasion assay
Invasion assays were performed in chambers with a 6.5-mm insert in 24-well plates (Corning company, Cat No: 3422, Corning, NY, USA). The polycarbonate membrane was precoated with 12 μL Matrigel Matrix (BD Biosciences, Cat No: 356234, Bedford, MA, USA), and reconstituted at 37°C for 24 hrs to gel. Cells (5x10 4 per well) were added to the upper chamber in 200 μL serum-free RPMI 1640, while the lower chamber was filled with 600 μL of medium containing 30% FBS. After 24 hrs of incubation, the cells were then fixed with 3.7% paraformaldehyde (PFA) and stained with 1% crystal violet. Five visual fields were selected randomly under the inverted microscope and cell numbers were counted. The quantity of β-actin was used for internal control. The density value of each sample was normalized to its β-actin density value to get its relative quantity value.
Statistical analysis
All the above experiments were independently repeated at least three times. The results were given as mean ± SD and analyzed using SPSS (19.0 version software, IBM, USA). Statistical analyses to determine significance were tested with the twotailed Student's t-test and χ2 test. Statistical significance between two groups was calculated by unpaired Student's t-test, and p-value <0.05 is considered significant changes.
Results
MEX3C is highly expressed in BC and closely related to its clinicopathological features
To examine the expression of MEX3C in BC tissues, we used streptavidin-peroxidase (SP) immunohistochemical assay to stain 60 cases of BC and 10 cases of paired normal tissue samples. Our IHC staining analyses showed that MEX3C was highly expressed in BC compared with the normal bladder tissues ( Figure 1A and B) . Moreover, higher expression of MEX3C was associated with the higher histological grade and more aggressive (invasive) clinical stage in 60 BC patients (P<0.01), indicating that the expression level of MEX3C was positively correlated with clinical stage and pathological grade ( Figure 1C ). In consistent with the tissue IHC results, analyses of TCGA RNA Seq data and Oncomine database also showed that MEX3C was upregulated in BC tissues (n=249, n=157) compared with normal control tissues, and MEX3C expression was higher in invasive BC tissues than that in superficial cancer tissues ( Figure 1D and E).
Overexpression of MEX3C promotes adhesion, migration, and invasion of BC cells
To investigate the cellular functions of MEX3C in BC, we used qRT-PCR assay to first measure the mRNA level of MEX3C in different BC cells. As shown in Figure 3A and B, MEX3C was stably overexpressed in T24 cells after infection. Overexpression of MEX3C promoted the adhesion of T24 cells ( Figure 2B ) and further enhanced the migration and invasion of T24 cells by the wound-healing and matrigel transwell assays ( Figure 2C and D) . These findings suggest that MEX3C may function as an oncogene to promote the adhesion, invasion, and migration of BC cells, which is closely associated with cancer metastasis and the malignant behavior.
MEX3C participates in the metabolic process of fatty acid in BC
To determine whether MEX3C affects fatty acid metabolism in BC cells, we examined the level of intracellular lipid and triglyceride droplets in MEX3C overexpressing T24 cells. As shown in Figure 3C and D, overexpression of MEX3C promoted the deposition of intracellular lipid droplets and triglycerides in T24 cells (p=0.0004, p<0.0001). As SREBP1, FASN, and ACC1 are key enzymes in the fatty acid synthesis pathway, we then examined whether the protein levels of SREBP1, FASN, and ACC1 are regulated by MEX3C overexpression in T24 cells. As shown in Figure 3E , the expression of SREBP1, FASN, and ACC1 was upregulated in MEX3C-overexpressing T24 cells compared to their control cells (p<0.05, p<0.05, p<0.05). Thus, these results may suggest that MEX3C upregulates FASN, ACC1, and SREBP1 to increase the fatty acid synthesis in BC.
MEX3C expression is positively correlated with SERBP1, ACC1, FASN in BC samples
Previous studies have shown that FASN, ACC1, and SREBP1, all play a significant role in tumor progression, especially in the lipid metabolism. 12 Therefore, we speculated that MEX3C might be associated with FASN, ACC1, and SREBP1 in the development of BC. We then used IHC staining to examine the expression of FASN, ACC1, and SREBP1 in MEX3C-positive tissues of noninvasive and invasive BC and normal bladder tissues, respectively. As expected, all three proteins showed the strongest nuclear and cytoplasm staining (brown) in the invasive BC, and the weakest staining in normal bladder tissue ( Figure 4A-C) .
Activation of MEX3C is associated with the JNK/SREBP1/ACC&FASN pathway
To investigate the specific signaling pathways that may mediate the effects of MEX3C on lipid metabolism, we performed a GSEA based on the TCGA BC databases. We found that higher MEX3C expression was positively correlated with the MAPK/JNK signaling pathway ( Figure 5A ). To validate the bioinformatics results, we performed western blot analysis of the MAPK/JNK pathways in T24 cells. We found that overexpression of MEX3C evidently increased the p-JNK protein levels, but the protein levels of JNK still unchanged ( Figure  5B ). Then, we performed experiment using JNK inhibitor (SP600125,) to examine the effects of MEX3C overexpression on the JNK/SREBP1/ACC&FASN pathway by Western blotting. We found that JNK inhibitor can diminish the ability of MEX3C on upregulating the level of SREBP1/ACC&FASN protein ( Figure 3E ). These findings suggested that MEX3C may play an important role in regulating JNK/ SREBP1/ACC&FASN pathway, leading to BC tumorigenesis ( Figure 5C ). allowing it to bind RNA and making it become an ubiquitin E3 ligase. 13 balance and adiposity, 8, 9 and postnatal growth. 10 How ever, there is so far little information about MEX3C and its relationship with human BC. Our previous study found that miR-451 acted as a tumor suppressor in BC, 11 and bioinformatics analysis in our preliminary experiment showed that MEX3C was a critical target gene of miR-451. Thus, it is interesting to investigate its biological functions and the underlying mechanisms for BC tumorigenesis. Our studies confirmed the hypothesis that MEX3C is a potential oncogene to promote BC tumorigenesis. Microarray data gathered from the TCGA RNA Seq database and Oncomine database showed that MEX3C was upregulated in BC tissues compared with normal control tissues, as well as higher expression of MEX3C in invasive BC tissues than superficial cancer tissues. Furthermore, MEX3C levels were associated with the higher histological grade and clinical stage. We validated these bioinformatics analyses by SP staining in bladder tissues and qRT-PCR assays in BC cell lines to show that MEX3C expression was increased in BC tissues and cell lines. Finally, through bioinformatics analysis, we found that MEX3C was closely associated with fatty acid metabolism and MAPK/JNK signaling pathway. We validated that MEX3C overexpression does accumulate lipid and triglyceride droplet in BC cells and promoted cell adhesion, invasion, and migration. Some research reported that SREBP1, FASN, and ACC1 all play a significant role in tumor progression, especially in the lipid metabolism, 12, 19 and JNK is the critical regulating factor in the signaling pathway. 19 We then demonstrated that MEX3C overexpression promoted tumor development and progression through activation of JNK signaling and upregulating the downstream protein levels of SREBP1, FASN, and ACC1. The ability of MEX3C on up-regulating the level of SREBP1/ ACC&FASN protein can be diminished by the JNK inhibitor. Taken together, our studies strongly suggest MEX3C acts as a potential oncogene, instead of tumor suppressor like in CRC, to promote BC tumorigenesis by increasing activated JNK pathway-mediated fatty acid synthesis and providing a new biomarker or a molecular target for its clinical application.
